With the increasing trend toward energy efficient and nearly or net zero energy buildings, there is a need for a holistic approach to optimize building energy performance parameters. The objective of this paper is to define the heating, cooling, and electricity demand of a commercial office building in three different climate regions: Northern Europe -Finland, Central EuropeUnited Kingdom, and Southern Europe -Romania. Dynamic simulations were performed using the building performance simulation programme IDA Indoor Climate and Energy (IDA ICE) for three energy efficiency levels. To define the optimal solution for each climate zone, three cases for each were defined: (a) Business as usual case as a base case where the input values are taken directly from the existing country regulations; (b) Energy efficient case; and (c) Zero energy case, where the input values are obtained by expert knowledge supported with approximately 50 optimised rounds of dynamic simulations. Thus, the primary focus of this research is to reduce an office building's annual energy consumption demand through effective utilization of energy efficient system solutions and concepts. Future research efforts will use the results obtained in this study to set system level parameters, coupled with renewable energy sources for on-site energy production, to achieve energy balance over an annual cycle.
Introduction
In Europe, buildings account for 40% of total energy use and 36% of total CO 2 emissions. The European Council has set ambitious energy and climate change objectives to reduce energy consumption throughout the European Union (EU), and the corresponding greenhouse gas emissions, by increasing the share of renewable energy to 20% and to make a 20% improvement in energy efficiency [1] .
To this aim, the EU Energy Performance of Buildings Directive (EPBD) has required that all newly constructed buildings in 2021 and beyond must meet the requirements of nearly zero energy buildings [1] . The national applications of the EPBD requirements are not yet clearly defined. However, despite the emphasis on the goals, the definition remains generic and is not yet standardized.
The issue of what types of energy to include in the annual energy balance of a building has been under discussion for decades, but no agreement has yet been made. The same question arises for the energy balance of zero energy buildings, again, with no clear answer. Most of the existing zero energy buildings definitions do not specify which energy type is included in the balance. The methodologies, on the other hand, give a rather clear message that it is the total operating energy use of a building [2] .
To improve the energy performance of a building as a step towards net zero energy design requires the comprehensive integration of energy saving strategies that are often focused on the building envelope design, ventilation parameters, and controls to reduce unnecessary energy use (e.g. lighting controls). Decisions to integrate these various strategies into a building's design may be based on the cost-effectiveness of the technology and architectural factors. Zero energy buildings employ various passive energy-saving technologies and active energy-efficient strategies to reduce energy consumption. The annual energy use is then balanced by onsite renewable energy production, through techniques such as photovoltaic cells or solar thermal water heating systems [3] . A prerequisite for a net zero energy building is the possibility to feed energy from the building's renewable energy systems into energy grids. This is already supported in many European countries by feed-in tariff policies but not, for example, in Finland. However, zero balance is not required to obtain a nearly net zero energy building.
In this study, the definition of a net zero energy building is based on the balance between the delivered and supplied energy measured as primary energy. To achieve a nearly net zero energy building, the first step is to minimize the total energy demand annually in the operational phase of a building. Thus, the focus of this research is primarily to reduce the annual consumption by using energy efficient system solutions that enable low delivered energy demand for a building. Based on the aforementioned, heating, cooling and electricity demand were studied in the three different climate conditions of Northern Europe, Central Europe and Southern Europe. These locations were chosen specifically to understand the role of climate conditions on energy consumption.
The results of this energy simulation study demonstrate that the careful integration of energy-saving and energy-efficient strategies can lead to significant improvements in the energy performance of a building. Additionally, design parameters are influenced by climate conditions and building codes and regulations within a specific country. The findings of this study can help us make country-specific recommendations for practical and cost-effective practices to take steps towards a nearly zero energy building design. The future research will continue by using the results obtained to set net zero energy system level parameters, coupled with renewable energy sources to support energy production, for maintaining the balance of energy needs.
Methodology
This section describes the overall concepts and methods applied for executing the dynamic simulations of a typical office building using the IDA ICE 4.2 software.
Step 1:
The building model was created as a base case upon the realistic measurements, components, and system types in the simulation software.
Step 2: The building model was then applied and extended to the climate zones of Northern Europe -Finland, Central Europe -United Kingdom, and Southern Europe -Romania. Based on the selected climate conditions and building regulations existing in each country, climate parameters, building envelope properties, and ventilation properties were defined.
Step 3: Simulations were then made for three different levels of energy performance to help define the optimal solution for each country.
Details of the simulation matrix are presented in Table 1 , with the following energy performance cases: (a) Business as usual case as a base case where the input values are taken directly from the existing country regulations; (b) Energy efficient case; and (c) Zero energy case, where the input values are obtained by expert knowledge. A detailed overview of the input parameters for the simulations is presented in Tables 2 & 3 . The zero energy case is partially based on enhancements of the energy efficient case that have been further modified after several rounds of simulations to achieve the optimum viable building envelope and system properties as steps toward obtaining a zero energy commercial building.
In total, approximately 50 optimised rounds of dynamic simulations were conducted across all three performance levels and all three climate zones.
Step 4: involves the sensitivity analysis where external solar shading, window glazing, thermal mass of building slabs, night time set point temperatures, ventilation system and control type, e.g. variable air volume (VAV) sizing, were studied. Finally,
Step 5 was carried for Helsinki zero energy case in detail and more general recommendations are made for London and Bucharest. The most effective design parameters obtained from the sensitivity analysis were combined to achieve the maximum benefits to reduce building operational energy use when occupied. The final round of simulations is presented as the zero energy case.
Simulation software
The building performance simulation programme IDA ICE is a dynamic multi-zone simulation tool for the study of the thermal indoor climate and daily and annual energy consumption of an entire building. IDA ICE version 4 
Building model description
The reference multi-storey commercial office building chosen for the energy simulations is currently located in Jyväskylä, Finland. The building is newly built and has been in use for over a year. The model used for this research is virtual, however, realistic measurements, components, and system types were considered. The building consists of six floors with a total floor area of 9775 m 2 ; a net floor area of 9400 m 2 , ground floor area of 1600 m 2 and a roof top area of 1400 m 2 . The total outside wall area is 3400 m 2 with windows covering 34% of the vertical façade and doors covering a total of 42 m 2 . high. The C shape of the building allows for windows on both the inside and outside perimeter walls, where the office cells are running on both sides of a central corridor. Figure 1 illustrates the typical floor plan representing the division of thermal zones; the total number of zones in this model is 160. Table 4 presents the absolute energy consumption demand, in kWh/year, and the specific energy demand, in kWh/m 2 /year, for each of the three performance levels for each climate zone. Along with the total energy demand, the heating loads, cooling loads, lighting and electricity use are also listed.
Results and Discussion
The energy simulation results demonstrate that significant reductions in the office building's energy consumption can be obtained through the integration of energy-saving and energy-efficient methods. For Helsinki, performance improvements beyond the base case led to an 18% reduction in energy demand for the energy efficient case and a 60% reduction for the zero energy case. Similarly, for London, a 38% reduction in energy demand was obtained for the energy efficient case and a 65% reduction was obtained for the zero energy case. For Bucharest, a 34% reduction in energy demand was obtained for the energy efficient case and a 70% reduction was obtained for the zero energy case. For each climate zone, we see an incremental improvement in the office building's energy performance as we transition from the business as usual base case to the energy efficient and zero energy cases.
Building envelope
To improve the energy performance of the office building, enhancements were made to the building envelope, specifically the insulation (U value, W/m 2 K) of the walls, roof, floor, windows, and doors. The impact of the insulation level on energy demand can be ascertained by considering the thermal losses associated with these building envelope parameters, as summarize in Table 5 . For Helsinki, we see that in Table 2 , the typical insulation levels (base case) currently used in the construction of Finnish buildings are comparatively better than London and Bucharest. This is partly due to the cold climate region, which has necessitated better insulation and other building envelope properties. However, improvements can still be made to make steps towards a nearly zero energy building. By increasing the roof insulation from 0.09 W/m 2 K for the base case to 0.05 for the zero energy case, the thermal losses associated with the roof decreased from 15,476 kWh/year for the base case to 8,167 kWh/year for the zero energy case.
Furthermore, reducing the window U value from 1.0 W/m 2 K for the base case to 0.45 W/m 2 K for the zero energy case significantly reduced the thermal losses across the windows by 140,899 kWh/year. Among all of the envelope insulation parameters, the windows were identified as having the greatest potential for energy savings for this particular office building design in Helsinki.
London insulation levels were moderately good for the base case, as demonstrated in Table 2 . Improvements were made to all envelope parameters. However, the greatest reduction in thermal losses was associated with reducing the window U value from 1.8 W/m 2 K (base case) to 0.5 W/m 2 K (zero energy case). This design enhancement reduced the thermal losses by 242,728 kWh/year, offering similar levels of energy savings as the Helsinki case.
For Bucharest, base case envelope insulation levels (Table 2) were comparatively poor, offering greater potential for improvements. Significant reductions in thermal losses were realized by increasing the wall insulation from 0.80 W/m 2 K (base case) to 0.30 W/m 2 K (base case), resulting in 165,521 kWh/year in energy savings. Additionally, as with Helsinki and London, improving window insulation led to a 387,687 kWh/year drop in energy losses.
Given that Bucharest is located in southern Europe, it has both a substantial heating and cooling season, thereby offering the potential for reductions in both heating and cooling loads via better building envelope insulation. As can be seen in Table 4 , Bucharest is the only location where significant reductions in annual energy demand were obtained for both heating and cooling loads. Helsinki and London have comparatively longer heating seasons, with mild summers. Thus, improvements in insulation are primarily observed through reductions in the heating load (Table 4) .
Ventilation and infiltration
Along with building envelope parameters, infiltration of outdoor air and mechanical ventilation can have considerable impacts on energy demand.
In this simulation study, steps towards a net zero energy building involved tightening the building envelope, integrating heat recovery methods, and incorporating VAV ventilation systems. Collectively, these improvements made significant contributions to reducing annual energy demand.
For Helsinki, constant air volume (CAV) ventilation systems were installed for both the base case and energy efficient case. For the zero energy case, VAV with improved heat recovery was considered. The VAV system is a demand-controlled system that varies the airflow rate based on occupancy levels, and the corresponding CO 2 concentrations. This can lead to significant reductions in energy use by reducing airflow rates when occupants are not present in a room, as demonstrated in many studies, including a recently published ASHRAE study for small-and medium-sized office buildings [6, 7] . Additionally, increasing the heat recovery from 45% (both Air Handling Units (AHUs)) to 85% (AHU 1)/75% (AHU 2), will help transfer heat from the effluent air stream to the influent air stream, thereby retaining some of the thermal energy. These improvements, along with coupled effects of the various other parameters, reduced ventilation energy consumption from 723,417 kWh/year for the base case to 244,622 kWh/year for the zero energy case (Table 5 ). Relative to the thermal loss reductions associated with insulation enhancements, we see that much greater energy savings can be realized by optimizing the building's ventilation system (although in reality, all parameters work in tandem to reduce energy use). Thus, ventilation systems are an obvious place to focus on when targeting a net zero energy building design.
Along with ventilation, the building's airtightness was increased from n50 2 h -1 to n50 0.5 h -1 for Helsinki. Tightening a building's envelope to reduce the uncontrolled exchange of air between the outdoors and indoors can significantly reduce the amount of energy required to heat or cool the air. As can be seen in Table 5 , reducing the air exchange rate led to a significant reduction in energy losses due to infiltration, from 220,816 kWh/year to 56,670 kWh/year. Improvements to the building's ventilation systems and airtightness can explain the significant drop in annual energy demand for Helsinki from the base case to the zero energy case, primarily for the heating load.
Along with Helsinki, similar energy saving potential was realized for the zero energy cases in London and Bucharest. For London, installing a VAV system with 85% heat recovery reduced ventilation energy consumption by 558,629 kWh/year (compared to a base case with CAV and no heat recovery). Additionally, energy savings were obtained by increasing airtightness from 10.0 m 3 /hm 2 to 2.0 m 3 /hm 2 , as seen in Table 5 .
Lighting & equipment
The office operation hours at service level are 06:00 to 18:00, Monday through Friday. The flexible working hours considered for all occupants were from 08:00 to 16:00 at 15 sqm/occupant. For the zero energy case of each climate zone, intelligent lighting with presence and daylight controls was considered. Lighting control is an effective strategy to reduce electricity use, both directly and indirectly. It directly reduces electricity use by artificial light and provides indirect benefits by reducing internal heat gains (and the corresponding cooling load). Presence lighting control helps regulate the use of artificial light in various spaces depending on the presence of occupants. Daylight control adjusts the amount of light provided by artificial lighting depending on the level of luminance provided by daylight. The integration of the lighting controls is one of the many reasons for the reduction in energy demand for the zero energy building cases [8] . Additionally, the use of presence control reduced lighting demand in the Helsinki case from 95% during office hours to 5% during nonoffice hours (Table 7 , with similar trends for London and Bucharest). Appliances such as desktops, photocopiers, printers, etc. are considered phantom electricity consumers [9] . The plug loads were considered at 100% in the zero energy case during the user occupancy period, however, zero phantom loads were taken in account while not in use. The overall equipment load was reduced to 70% for all zero energy cases. This can be reasonably achieved by using power management for appliances (see Table 2 ).
Zero energy night and day comparison
The night and day time energy load division for the zero energy case for all three climate zones is presented in Table 7 . This evaluation was done to assess the load distribution for evaluating component related energy saving potential. It can be seen that that majority of the building's heating energy consumption occurred during non-office hours. During office hours the building gains are achieved due to presence of occupants and also other building components are at full function such as HVAC electricity, cooling and heating loads, lighting, and plug loads are greater during office hours as shown in Table 7 . This is as expected, and offers insight into how energy loads can be further reduced during non-occupancy periods while building at stand by loss. Temperature set points can be modified when occupants are not present since thermal comfort issues are not a concern. Similarly, energy use by artificial lighting and appliances should be significantly reduced during non-office hours if the goal is to obtain a nearly zero energy building. For this further sensitivity analysis was done as presented in section 3.5.
Sensitivity analysis

Window sensitivity analysis
Window sensitivity analysis was performed to understand the impact of solar energy transmittance of glass while considering the thermal comfort of the occupants. Three cases were considered beyond the baseline zero energy case for Helsinki, as listed in Table 6 . For the baseline zero energy case, the windows have a g value of 0.24 and solar shading blinds are included between the panes. Case A. applies the same g value of 0.24, but does include external shading. Case B. considers a greater g value along with no external shading. Lastly, case C. examined a window with intelligent blinds (where the material of the window blind works as insulation) with a U value of 0.225 W/m 2 K. Such intelligent windows are not commonly available in the market, but simulations were performed to elucidate the impact of thermal transmittance on reducing the heat flow between indoor and outdoor environments. Table 6 presents the results, where it can be seen that, when comparing with the zero energy case, no significant reduction in total energy consumption was observed in cases A. and B. However, by increasing the U-value in case C., the total energy consumption decreased by 2%, with a 10% reduction in the heating load. This suggests that intelligent windows can be a simple step to reduce energy demand.
Effect of thermal mass of slab on energy consumption
Thermal mass greatly influences the ability of a material to store heat and release it as required; also the heavy weight materials have the ability to store more heat when compared to lightweight materials. This is usually done by increasing thermal resistance (R-value) of the envelope and, hence, reducing transmission loads [10] . In this sensitivity analysis, we compared only the thickness of the concrete slab, ranging from 60 to 150 mm, as presented in Table 6 . Only minor changes in heating and cooling loads were observed, when compared with the zero energy baseline case. This suggests that the effect of thermal mass (150, 100 & 60 mm concrete slab) on energy consumption is relatively small in our model. However, the results can be useful when considering the related construction cost parameters.
Effect of night time set point temperature on energy consumption
The parameters for the zero energy Helsinki case have a constant set point temperature, with heating at 21°C and cooling at 25°C. Optimizing the temperature set point when the building is not occupied can help reduce energy consumption (heating and cooling loads). However, it can also depend on several other factors, such as the building envelope properties, relative humidity, etc. The sensitivity analysis compared three cases: case A. with setback temperatures for heating and cooling, case B. with no set back, and case C. with no cooling setback. The results presented in Table 6 demonstrate that the night time set point temperature can only achieve minor energy savings and higher morning peaks. This may be due to the extra heat loss associated with an uneven temperature distribution during the morning pickup period [11] . The thermal losses during the night are large; however, the dynamics of the building are too slow (for the Helsinki case) due to the high insulation properties. Thus, it cannot be recommended for the Helsinki zero energy case.
Effect of VAV airflow sizing on energy consumption
This sensitivity analysis was performed to select the appropriate inlet size of the VAV terminal box. There are several factors which can be considered in VAV sizing: pressure drop across the box, ability of the VAV box controller to measure and control the desired minimum and maximum airflow set points, noise generation, and space constraints [12] .
The results are presented in Table 6 . It can be concluded that VAV sizing can be between 2 to 3 l/s according to the space needs for ducting. However, the sizing does not contribute significantly to energy consumption in these simulations. 2 /year (70% reduction beyond the base case), including heating, cooling, electricity, lighting and appliances. This suggests that the aim of this research to reduce the consumption of heating, cooling, and electricity energy demand of the building by using efficient design parameters was achieved.
Greater reductions were observed in the zero energy case of Bucharest. This shift is obvious due to significant improvements in the thermal properties of the building envelope when compared to the base case ( Table 2 ). The zero energy case results for London and Bucharest will be further studied and simulated with additional consideration of country specific design parameters (e.g. window and wall ratio is moderately larger for London and Bucharest when compared with Finland). It should also be noted that that the thermal energy losses by component type are only calculated for heating; the losses for cooling are yet to be examined for London and Bucharest (this may be critical due to the higher cooling demand in the summer season when compared with climate zone of Finland). However, we believe that the results obtained for the Helsinki case are the most robust at this point.
Throughout the entire study, the electricity consumption dominated the total energy consumption profile (also when compared with heating). This study demonstrates that simple energy efficiency measures, such as: optimized demand controlled ventilation strategies (VAV with CO 2 control); a well-insulated and air tight building envelope; intelligent windows; intelligent lighting; reduced equipment load; and zero phantom loads, can greatly influence the total energy demand of a building over a period of a year.
Evidently, user behaviour was not considered in this study, e.g. plug loads were considered as 100% during the user occupancy period. Thus, there is potential for further understanding of the load generation profile according to occupancy. This research will continue to consider more energy efficient approaches (e.g. Phase Chang Materials) and integrate the on-site renewable energy technologies, such as photovoltaic cells and ground source heating and cooling, to further balance the reduced total operative energy use of the building. In addition, noticeable possibilities of harnessing solar energy gains in Bucharest are high, however, we will have to consider more parameters based on climate conditions and availability of on-site renewable energy technologies to finally realise a net zero energy building. Future publications are planned to present more detailed results.
